In this study, a three-dimensional agglomerate model of an anion exchange membrane fuel cell is proposed in order to analyse the influence of the composition on the catalyst layers (CLs) on overall fuel cell performance. Here, a detailed comparison between the agglomerate and a macro-homogeneous model is provided, elucidating the effects of the first implementation on the overall performance and the individual losses, the effects of operating temperature and inlet relative humidity on the cell performance, and the catalyst layer utilisation by the effectiveness factor. The results show that the macro-homogeneous model overestimates the cell performance compared to the agglomerate model due to the resistances associated with the species and ionic transports in the catalyst layers.
. The outputs of the overall electrochemical reaction that takes place in the catalyst layers include water molecules, heat and electrons [1] . Thus, the water management in polymer exchange membranes is crucial for proper functioning of fuel cells without compromising their performance. Several studies on PEM fuel cell reported the influences of both poorly and highly hydrated conditions on the overall performance of PEM fuel cells. For instance, Berg et al. [2] proposed a simplified two-dimensional model to evaluate the water management in PEM fuel cells. Oxygen transport in the ionomer was identified as a significant contributor to the mass losses in the fuel cell [2] .
Das et al. [3, 4] evaluated the influences of wetting properties, flooding conditions, and geometric characteristics of the catalyst layer on the overall performance of PEM fuel cells. It was reported that the electro-osmotic drag and back diffusion are more likely to give rise to a flood condition than the water condensation within the catalyst and gas diffusion layer [3] . It was also reported that the wetting and geometric characteristics of catalyst layer have a significant influence on the liquid water transport, and thus on the overall cell performance [4] . Huo et al. [5] investigated the water management on the anode side for different operating conditions and reported that the influence of stoichiometry on the production of liquid water was not significant [5] . Nevertheless, the relative humidity at the inlet was directly associated with the water formation within catalyst and gas diffusion layers at the anode side [5] . Deng et al. [6] provided a multiphase transient investigation of the water formation and transport.
It was shown that the time necessary to achieve a steady state solution under lower current density and operating temperature is smaller when compared to higher current density and temperature cases.
Nevertheless, this effect is observed to be insignificant under lower operating temperature conditions [6] . Later, a three-dimensional multiphase numerical model for AEM fuel cell was proposed by Jiao et al [7] and a single channel domain was considered. A parametric analysis was conducted and a relation between relative humidity and the current density was observed, although this effect was found to be less significant in the cases with higher relative humidity at both anode and cathode inlets [7] . An analytical model for AEM fuel cell was proposed by Jiao et al. [8] , and their results indicated that the liquid humidification at the cathode inlet improves the fuel cell performance. Nevertheless under a cathode dry inlet and fixed stoichiometry ratio, the activation and Ohmic losses increase resulting in a lower overall fuel cell performance. Deng at al. [9] studied the interfacial effect on the AEM fuel cell performance. It was observed that inserting a micro-porous layer on cathode side has no significant influence as no liquid water is produced at the cathode side, nevertheless, when added in the anode side, it can enhance the water transportation from anode to cathode. Recently, we developed a threedimensional numerical model for a typical AEM fuel cell to analyse the effects of flow direction, relative humidity at the inlet and temperature on the overall fuel cell performance [10] . It has been observed that the increases in operating temperature and relative humidity contribute to an increase in output current density. However, no significant influence of flow direction was observed for the set of parameters used. Moreover, the use of the macro-homogenous approach to model the catalyst-layers tends to overestimate the performance of AEM fuel cells, as the transports of species, electrons, ions and liquid water disregard the material composition of the catalyst layer. Numerical models have also been proposed for analysing the influences of materials composition on the overall performance of the fuel cells [11] [12] [13] [14] . Sun et al. [11] proposed a two-dimensional agglomerate model to analyse the influences of structural parameters of the catalyst layer in PEM fuel cells. The numerical results suggested that the oxygen diffusion plays a role in the regions of high current density [11] . In addition to that, the transport of ions is shown to be as important as the oxygen diffusion in determining the overall fuel cell performance. Das et al. [14] proposed a three-dimensional agglomerate numerical model to investigate the activation overpotential in the cathode catalyst layer. The combination of lack of oxygen in the catalyst layer and the mitigation of void regions leads to high values of activation overpotential in the catalyst layer [14] . Results from an improved agglomerated model for the cathode catalyst layer in PEM fuel cells [13] indicate that the drop in current density for lower cell voltages is directly associated with the oxygen transport through the cathode catalyst layer. In addition to the aforementioned agglomerate models, Yin [15] proposed a hybrid model with thin film/agglomerate characteristics and investigated the influence of oxygen diffusion within the polymer electrolyte. The analysis in Ref. [15] suggests that the electrolyte distribution plays a significant role in determining the overall performance of the fuel cell. Nevertheless, it is evident from the foregoing that agglomerate model was analysed for PEM fuel cells but a detailed species and charge transportation model in the catalyst layer for AEM fuel cells is yet to be reported in existing literature. The current analysis addresses the aforementioned gap in existing literature by developing a three-dimensional agglomerate model in order to address detailed transport of mass within the catalyst layer. Moreover, a comprehensive comparison between the overall performance of agglomerate and macro-homogeneous model [10] is made and the behaviours of the effectiveness factor, activation and concentration overpotential are also extensively analysed. Moreover, the effects of relative humidity and temperature on the overall performance of the fuel cell are discussed.
The rest of the paper will be organized as follows. The mathematical formulation and numerical implementation pertaining to this analysis will be presented in the next section. Following this, results will be presented and physical explanations for the observed behaviour will be provided. Finally, main findings will be summarized and conclusions will be drawn.
MATHEMATICAL BACKGROUND

Assumptions
A number of assumptions were made to simplify the computation and reduce the computational effort.
These assumptions, however, do not compromise the physical characteristics of the AEM fuel cell. The assumptions made for the current computational analysis are summarized below:
 A three-dimensional single channel fuel cell is used to for the purpose of numerical simulations. As shown in Figure 2 , the domain is composed of bipolar plate (BP), gas diffusion layer (GDL), catalyst layer (CL) and membrane.
 The ideal gas law is considered for the gaseous phase. In addition to that, the membrane is considered to be impenetrable by all species but the water.
 The water generated as a product of the electrochemical reaction is produced in the gaseous phase.
Due to the operating conditions, water vapor might reach the saturation pressure and condense.
 Water can be transported through the membrane in a dissolved phase. The adsorption and desorption of water happen in the gaseous phase.
 The simulations were carried out in a steady state regime and body forces were neglected (e.g. gravity).
 The flow in the channel is assumed to be laminar because the Reynolds number in a typical case was found to be of the order of 100.
Mathematical framework
Transport equations of gas mixture
The conservation of mass and species is obtained by associating the Darcy's Law and the MaxwellStefan equation. Thus, mass and species conservation equations can be described as, respectively:
where is the gas density, is the permeability of the porous media, is the viscosity of the gas mixture, is the pressure, ⃗ is the gaseous phase superficial velocity, is the mass fraction of the ℎ species, is the liquid water volume fraction, is the binary diffusion coefficient and is the molar fraction of the ℎ species. The expressions needed to compute the binary diffusion coefficients and also the Lennard-Jones parameters are obtained from Xing et al. [13] . The source terms and are the mass and species source terms, respectively, and are presented in Table 1 .
In addition to that, the Navier-Stokes equation is used to describe the momentum transport as follows:
where ̿ is the viscous stress tensor.
Catalyst layer composition
In this study, a three-dimensional spherical agglomerate model is proposed in order to discretise the domain of the catalyst layer. Therefore, the volume fractions of evenly distributed spheres composed of platinum dispersed carbon ( / ), ionomer ( ) and the pores ( ) are considered for describing the catalyst layer. A two-dimensional schematic representation of one such sphere is presented in Figure   3 , where is the thickness of the ionomer film covering the Pt/C agglomerate, is the radius of an individual Pt particle, , / represents the concentration of the ℎ species at the gas and ionomer interface and , / represents the concentration of the ℎ species at the ionomer and solid particle interface. Thus, the catalyst composition in terms of the volume fractions can be expressed as:
The volume fraction of Pt/C in the catalyst layer is given by [16] :
where and are the mass of Pt and C per unit of geometric area, respectively. Here, instead of defining the catalyst layer with respect of the geometrical area, an effective specific area per unit catalyst layer volume is used. Thus, the effective specific platinum surface area per unit catalyst layer volume is defined as:
where the subscript corresponds to either anode ( ) or cathode ( ) side.
Current distribution
The current distributions of electronic and ionic potential are described by the Ohm's law, and are presented as:
where and are the electronic and ionic potential, respectively, and are the effective conductivity of electrons and ions, respectively; and are the source term for the electronic and ionic potential conservation equations, respectively. As the electronic and ionic diffusion coefficients are dependent on the catalyst layer composition, they have to be corrected accordingly. One can correct the bulk diffusion coefficients of electrons and ions using the Bruggeman approximation as [17] :
where and are the electronic and ionic conductivity, respectively. It has been reported that the ionic conductivity is dependent on the temperature and water activity in the vapour phase [18] . Thus, the following expressions are used to define the ionic conductivity [7] : 
where is the water activity in the vapour phase and 0 is the operating temperature. The electronic conductivity is considered to be constant and it is provided in Table 2 .
Electrochemical reaction on the catalyst surface
Generally, in the macro-homogeneous model, the local volumetric reaction rate at anode and cathode catalyst layers is described by the Butler-Volmer equation [10] . Nevertheless, Sun et al. [11] adopted the Butler-Volmer equation to take into account the effects of porosity within the catalyst layer and the resistance due to the agglomerate film surrounding the agglomerate. Thus, the electrochemical reaction in the anode and cathode side can be described as [12] are the hydrogen and oxygen diffusion coefficients through the ionomer; and are the radius of the agglomerate and the effective specific agglomerate surface area. The effectives factor, , measures the utilisation of the catalyst layer and is defined as:
where is a dimensional group known as Thiele's modulus and is given by:
where is the effective diffusion of hydrogen and oxygen in the ionomer, and is expressed as, respectively,
The hydrogen and oxygen diffusion coefficients through the ionomer have been addressed in this work.
The reaction rate coefficient, , is expressed as [12] = (
where 2 and 2 are the reference molar concentration of hydrogen and oxygen, respectively; 0, and 0, are the exchange current densities at the anode and cathode side, respectively; and are the anodic and cathodic charge transfer coefficients, respectively; is the number of electrons simultaneously release or uptake; is the universal gas constant (8314 J/kmolK); T is the absolute temperature in K and is the overpotential. The overpotential, , is defined as follows:
The electrochemical kinetics parameters used to perform the numerical simulation are covered in Table 2 .
Species transportation in the catalyst layer
The transportation of species within the catalyst layer is significantly affected by the medium. As shown in Figure 1 , the agglomerate particle is composed of three different volume fractions ( / , , ).
Thus, as for the species diffusion in the void space, Eq. 2 is used to govern the process through the porous structure. Nevertheless, due to the lack of experimental parameters correlating the diffusion coefficients for the commercial Tokuyama A201 membrane, the values of diffusion coefficient used in the present work correspond to Nafion™. Parthasarathy et al. [20] investigated the diffusion of oxygen in Nafion™. The oxygen diffusivity is dependent on temperature and, for a 100% relative humidity case, it is expressed as [11] :
where is the activation energy for diffusion and has been reported to be 25000kJ/kmol [11] . The hydrogen diffusion coefficient in Nafion™ has been correlated with temperature as [21] as:
Membrane water content
The conditions at which the fuel cell is supposed to operate are favorable to the sorption of water by the membrane. In addition to that, the transport of anions through the membrane is responsible for dragging water through it. Thus, the membrane water content conservation equation is given as [22] :
where is the diffusivity of the membrane water content, is the equivalent molecular weight of the membrane in a dry condition, is the membrane density. The membrane water content can also be described with respect to the dissolved water concentration as:
where is the dissolved water molar concentration. For the catalyst layer, the water diffusion coefficient of the membrane was corrected by the ionomer content in the catalyst layer as:
where is the diffusion coefficient of water membrane content, which is expressed as [5] 
The sorption and desorption processes are governed by the equilibrium approach proposed by Berg et al. [2] . Thus, the use of membrane water content in an equilibrium hydration state, , is necessary and it can be computed as [7] : 
where the water activity, , is a function of the water vapour partial pressure and the liquid water saturation, and it is defined as:
Liquid water fraction
By applying a volume average approach to the continuity equation for the liquid water fraction and also using the Darcy law, the liquid water conservation equation can be written as [22] :
where is the liquid water density, and are the dynamic viscosity of liquid water and water vapour, respectively; is the volume fraction of liquid water and the is the liquid water source term and is presented at 
Energy equation
A non-isothermal approach is considered in this study. Thus, the energy equation of a multi-phase flow in porous media is presented as:
where is the effective conductivity, is the total energy in the gaseous phase, ℎ is the sensible enthalpy for the th species, ⃗ ⃗ is the diffusion flux of the ℎ species. The source of heat, , is presented in Table 1 . There, the different sources of heat are presented: reversible heat, the irreversible heat, the Ohmic heat and the latent heat due to phase change.
Boundary conditions
The species concentrations at the inlet of anode and cathode flow channel are defined as:
where and are the inlet pressure at the anode and cathode, is the relativity humidity at the inlet and the operating temperature, 0 , is also specified at both anode and cathode inlets. These are used to compute the mass flow rates at the anode and cathode sides, respectively, as:
where and are the stoichiometry ratios of anode and cathode, respectively; is the reference current density; is the active reaction area; and are the densities of the gas mixture at the anode and cathode inlets, respectively. 
In this study, the boundary condition for the electronic potential was considered to be the same as suggested by Hao et al. [22] . Thus, the electronic potential boundary conditions at the top and bottom of anode and cathode electrodes are:
= 0.0 (for cathode)
where is the theoretical reversible voltage [10] and is the output voltage.
The Neumann condition is applied for all other boundary conditions, which is given by:
where is the relevant primitive variable.
Computational domain
A straight channel half-channel is considered to be the computational domain and its schematic representation is shown in Figure 2 . The half-cell is considered for the computational economy. The physical dimensions and properties are listed in Table 2 and Table 4 [7, 19] , respectively.
Numerical procedure
In order to solve the governing equations, a finite volume method based commercial software ANSYS FLUENT was used. All the governing equations, including the scalar transport equations, implemented through the use of user define functions (UDF), were solved in a coupled manner. The SIMPLE algorithm was used to link velocity and pressure. Second order central difference and upwind schemes were used to solve the diffusive and convective terms, respectively. With the respect of the spatial discretisation of the computational domain, a mesh independence test was carried out. The approach used in our earlier study [10] to compute the error associated with the mesh refinement is utilised in this analysis. Here, mesh M5 is used and, as one can see from Table 5 , the total error associated with the spatial discretisation is 2%. Due to the wide range of operating parameters, structural composition of the fuel cell components and the lack of information regarding some of the transportation characteristics related to the membrane Tokuyama A201, a direct comparison with a single experimental dataset might not be sufficient. Therefore, the present numerical model is validated by comparing the polarisation curve produced with the experimental results from different authors [25] [26] [27] . As one can see in Figure   4 , the current model shows a good qualitative agreement with the different experimental results using the Tokuyama A201 membrane. Further discussion regarding the parameters used to produce the polarisation curve is presented in the next section.
RESULTS AND DISCUSSION
The three-dimensional agglomerate model for a multiphase flow for a typical AEM fuel cell is developed and used in this work to analyse the influences of species transport within the catalyst layers.
A summary of the source terms for the continuity, momentum, species, electronic potential, ionic potential, membrane water content, liquid water, and energy conservation equations is presented in Table 6 . The operating parameters used to perform these simulations are presented in Table 7 . A detailed analysis of the influences of species transport on the overall fuel cell performance is provided in the next subsections.
Overall performance
Generally, the performance of fuel cells is assessed by comparing polarisation curves. Thus, the overall performance of the AEM fuel cell for the current agglomerate model data is compared with the several experimental data as well as with the previously developed macro-homogeneous model [10] , as shown in Figure 4 . In order to compare between macro-homogeneous and agglomerate models, all the parameters are kept the same for both models (see Table 2 and Table 4 ). It can be seen from Figure 4 that both macro-homogeneous and agglomerate numerical models are capable of capturing the trend of the experimental results. As the macro-homogeneous model does not account for subtle transport characteristics and dependencies on catalyst layer composition, it overestimates the fuel cell performance in comparison to the agglomerate model. An overview of the losses for both agglomerate and macro-homogeneous models in the case of 0.5 V output voltage is shown in Figure 5 . It can be seen from Eq. 22 that the overpotential is defined as the difference between electronic and ionic potentials.
No significant difference is observed in the values of electronic potentials between the agglomerate and macro-homogeneous models. Nevertheless, the ionic potential for the agglomerate model is observed to be smaller than the ionic potential for the macro-homogeneous model. This is directly associated with the hydration state of the membrane. As the reaction rate for the agglomerate model is smaller than the macro-homogeneous model, less water is produced as a product of the electrochemical reaction, which decreases the amount of water sorption in the interface of anode catalyst layer and membrane.
Moreover, as the flux of ions from the anode to cathode side decreases, less water is dragged due to the ions transport, which supports the less hydrated state in the agglomerate model in comparison to the macro-homogeneous model. For the current analysis, about 70% of the losses are related to Ohmic losses as the ionic conductivity of the current membrane is over one order of magnitude lower than an ordinary Nafion membrane. The activation and concentration losses in the agglomerate model are responsible for the remaining 30%. Further explanation regarding the impact of the extra resistances due to the agglomerate model in the activation and concentration losses are provided in the following sub-sections.
Concentration overpotential
In the catalyst layer, momentum and species conservation equations are used to govern the transport of species within the computational domain. Although the use of the aforementioned equations in a macrohomogeneous model provides a qualitatively correct representation of the main physics of the fuel cell, it is necessary to add corrections to the electrochemical kinetics in order to account for all the different transport coefficients and dependencies on the catalyst layer composition. As shown in Figure 3 , the cathode and anode catalyst layers are considered to be made up of spherical Pt/C agglomerate with void regions covered by the ionomer according to the agglomerate model. As the ionomer layer covers the spherical agglomerate, an extra resistance is added to the transport model, and thus the concentration loss is expected to increase. It can be seen from Figure 6 that the concentration loss profiles at the middle plane section at the cathode CL for the macro-homogeneous and agglomerate models are significantly different. As the partial pressure of oxygen diminishes near the catalyst/membrane interface, especially under the bipolar plate region, the rate of oxygen crossing the ionomer cover around the particle sphere decreases in the context of the agglomerate model. The starvation of oxygen in contact with the Pt/C agglomerate is responsible for the mass transfer associated losses, which reduces the overall performance of the fuel cell. From the combination of Eq. 15 and Eq. 21, one can see that the ratio of reference and current molar concentration is impacting on the concentration loss.
Nevertheless, the reference values of the catalyst layer used in this study were measured at higher pressure, thus, under the current operating conditions, the overpotential benefits from the ratio of reference and current molar concentration. Regarding the concentration loss on the anode side, the faster diffusion of the hydrogen in the ionomer compared to the oxygen results in a marginal change in the concentration loss between agglomerate and macro-homogeneous models, and thus will not be presented here for the sake of conciseness.
Activation overpotential
As the effect of the activation potential is pronounced under lower output voltage conditions, this aspect will be discussed for the 0.9V output case. The contours of the activation loss in the cathode catalyst layer for both agglomerate and macro-homogeneous models are presented in Figure 7 . It can be seen from Figure 7 that the contribution of the activation loss to the total overpotential in the cathode catalyst layer is greater in the agglomerate model than in the macro-homogeneous model, which leads to an overestimation of the fuel cell performance by the macro-homogeneous model. This loss in the agglomerate model arises due to the usage of an effective specific platinum surface area per unit catalyst layer volume because the composition and physical dimensions of the catalyst layer have direct impacts on the activation potential. From Eq. 5 and Eq. 7, one can see that increasing the amount of Pt/C deposition in the catalyst layer is beneficial to the activation potential. Nevertheless, the void volume fraction in the catalyst layer is directly affected by the increase of Pt/C deposition, which also contributes to the starvation of the species in the reactive sites.
Effectiveness factor
The implementation of the agglomerate model introduces the effectiveness factor for the catalyst layer, which is expressed by Eq. 16, and it quantifies the utilisation of the catalyst layer through the ratio of species diffusion in the ionomer and electrochemical reaction rate constant. It is worth mentioning that the unity effectiveness factor does not mean a high reaction rate, but a more uniform reaction through the catalyst layer site. The effectiveness factor for the anode and cathode catalyst layers is presented in Figure 8 . The effectiveness factor in the anode side does not vary significantly through the length of the catalyst layer, which implies that the utilisation of the catalyst layer at the anode side is mostly even.
Nevertheless, despite the faster hydrogen diffusion, one can observe a drop, although not significantly, in the region closer to the membrane and catalyst layer interface. As seen in the previous section, the higher overpotential is located at the interface of membrane and catalyst layer. Thus, the higher demand for hydrogen and the slightly short supply of it causes the drop in the effectiveness factor. Nonetheless, on the cathode side, the effectiveness factor shows significantly drop as the membrane interface is approached. Here several factors need to be taken into consideration for explaining this drop. The diffusion of oxygen is slower than hydrogen diffusion. As the air is supplied with humidified state, oxygen has to compete with water molecules to diffuse through the pores of the catalyst layer. This resistance causes the lack of oxygen near the interface of the catalyst layer with the membrane, which further reduces the utilisation of the catalyst in that area. Another important aspect is that the reaction rate variation through the length of the catalyst layer. For the case analysed here, a wide range of overpotential is observed, which results in a considerable variation of the reaction rate. Therefore, the utilisation of the catalyst layer on the cathode side is compromised.
Effect of temperature and relative humidity
In addition to the comparison between macro-homogeneous and agglomerate models from the overpotential and loss perspective, the effects of operating temperature and relative humidity at the inlet channels on the overall performance are also analysed. The effect of the temperature can be seen in Figure 9 . As previously observed in our macro-homogeneous model, the rise in the operating temperature of the fuel cell also resulted in an enhancement of the overall performance of the agglomerate model. This is mainly associated with the enhancement of the electrochemical kinetics and ionic diffusion facilitated at high temperatures. With the respect of the effect of the relative humidity, as presented in Figure 10 , the overall fuel cell performance is negatively affected in comparison to the fully humidified operation condition for operating conditions with small values of relative humidity. As the presence of water vapor in the catalyst layer is scarce, the humidification of the membrane is compromised for small values of relative humidity. Therefore, the ion transportation reduces and the Ohmic loss increases for small values of relative humidity, resulting in a deteriorated overall performance of the fuel cell.
A three-dimensional agglomerate model has been developed to analyse the performance of a generic anion exchange membrane fuel cell. Here, a detailed comparison between the proposed agglomerate model and a previously developed macro-homogeneous model is presented. On the aspect of overall performance, the macro-homogeneous model overestimates the performance of the fuel cell when compared to the agglomerate model. This is mainly attributed to the subtle transport phenomena, which is not considered in the macro-homogeneous model. The lower reaction rate also affects the membrane hydration as less water is produced and dragged due to the transportation of ions through the membrane.
Thus, the Ohmic resistance is partially responsible for the deterioration of the overall performance of the fuel cell according to the agglomerate model. However, the utilisation of the cathode catalyst layer is compromised by the slower diffusion rate of oxygen and the cathode catalyst layer also exhibits a significant variation of the reaction rate through the catalyst layer length.
The influences of the relative humidity and temperature on the overall performance of the fuel cell in the context of the agglomerate model have been found to be qualitatively similar to those obtained from the macro-homogeneous model. An increase in the temperature positively affects the overall performance mainly due to the enhancement of the electrochemical kinetics. By contrast, the supply of less humidified gas in at the inlet results in a less favorable condition for the anion transportation, which in turn deteriorates the overall performance of the fuel cell. Platinum mass ratio, % 0.4 0.4 [11] Ionomer volume fraction, 0.22 0.22 [10] Transfer coefficient, 0.5 1.0 [29] Radius of agglomerate, 1x10
-6 1x10 -6
[11]
Thickness of ionomer covering each agglomerate, 8x10
-8 8x10 -8
[11] 
